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An estimate of the o:xygea demand of the sediments which accumulate 

in ~tream beds is a practical necessity to the engineer engaged in the 

interpretation of oxygen levels in stream pollution surveys. Evaluating 

this variable is a difficult task. Different empirical approaches for 

estimating the sediment oxygen demand have been reported (l) ( 2 ) • 

Recentzy, a benthic respirometer has been developed ( 3) to measure oxygen 

l.evel.s over the sediments in situ. 

~ this stuey, a pilot plant was erected to operate under controlled 

}4boratory eondi tiona using bottom sed1ments taken from different sites 

in. thf(t Merr111&Ck R1 ver bed downstream of certain municipal sewer outfalls. 

'!'he .. sediments studied in the pilot plant include those solids which 

normally would be removed in a primary settling device receiving raw 

municipal sewage. The method outlined herein considered the variability 

of the rate of biochemical assimilation of' the residues and formulates 

the findings in terms of the benthic equation of Camp (4) • In addition, 

the effect of sediment depth on the areal oxygen demand o~ these sediments 

'W&B s~died. 
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Description ~ Operation of ~ Pilot Plant 

The basic elements of the pilot plaDt used in this study were a 

carbon filter (for chlorine removal), a sand filtration tank, galvaaized 

iron water storage drwlls, a series of five 20-liter e;lass carboys con­

tainine; the sediments, . and five ad4i tioD&l car'boys to receive the effluent. 

These elements were coDnectecl b,y •ana of glass and plastic tubing. A 

schematic diagram of the pilot plant is given in Figure 1. 

After passing through the sand and carbon filters, vater entered the 

storage drums (which were filled. ever.r d.q) and equilibrated at rex. 

temperature (20-250c ). This is also the :aoi"mal IIUJIIII.er temperature in the 

·river from which the samples were taken. Telrperature of the water in tb.e 

driDas vas dete1'111ned by a record:l.Dg thel"JJIIJJ8ter. From the sto!'88e 4ruu 

water flowed continuous~ through a manifold into the five sedillleDt 

carboys and frOm there discharged into the effluent carboys. 

'l'b.e fl.ov rate f'roJil each carboy was 1ndi Yidual.zy regulated twice a 

da¥ by means of screw cl.aaps on rubber tabiilg. 'fhe rate was set at 

approXimate~ 20 11 ters per daiY. The effluent vol'wae vas detel'llined each . 

24-hour period by measuring the height of water in the effluent carboy 

with a yardstick. 'fhe actual volume was then taken off a calibration 

graph relating fluid height and volume. 
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Decomposition gases were removed through gas traps which were held 

above the water level in the storage tanks. Gases from the car~oy with 

10 em of s_ediment were analyzed after being measured in a H~d manometer 

in ordt;!r to check for the presence. or absence of anaerobic c.ondi tiona. 

Water Supply ~ Sediments 

Tap water used in this stuey originated from the Merrimack River. 

Raw river water was treated at the Lawrence, Mas'sachusetts, municipal 

plant by alum flocculation, activated carbon, sand filtration, aeration, 

and chlorination. 

Two types of sediments :from the Merrimack River were used. Although 

they are physically and chemically cbaracteri zed as shown in Tables 1 and 2, 

arbitrary terms of "recent" . and "aged" were selected to more generally 

define them. Ideally, these sediments could be further characterized in 

terms of their percent solids of sewage or non-sewage origin following a 

method such as the organic anaiyses performed by Heukelekia.n ( 5) • The 

"recent" deposit was taken 100 yards downstream of a large outfall and was 

assumed to consist largely of the municipal sewage sediments discharged to 

the r1 ver. The "aged" sediments were taken several miles downstream and 

represented deposits in a more advanced stage of decomposition. Since the 

rate of diffUsion of oxidizable substances into the supernatant water, 

rather than simply the sludge depth, is believed to control the rate of 

o~gen demand of the sediment, no attempt was made in the field to collect 

undisturbed sediment samples f1'011l different depths. ~ering or sediment 

depths are transient states affected by :ma.ny variables such as stream 
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~draulies, and ·a.Dy reproduction in the laboratory of these l9¥ers of 

sediments did not seem justified w1 thin the scope of this study. 

Both sediments were Jl:l.xed Dr impeller JllOtor and by band prior to 

beiDg poured into the carboys. ·!he sediment type, along w1 th the depth 

and volume of deposits in tb.e carboys, is given in Table 1. Physical and 

chemical analy'ses of each sediment type were carried out at the begiDDing 

of the study. These data are sUIIII&rized in Table 2. 

TABLE 1 

SEDIMD'.r 'fiPE I JlEP.fH I .Aim TOLUME 
A! S'lAR'J.'-lJP OF PILO!' PLAIT 

Carb~ SediDmt ~ Depth(~) Volu. (!!) 

A recent 1.5 1,180 

B aged. 1.5 1,180 

c aged 20 11,94o 

:D age4 15 8,950 

E aged 10 5,970 



Sedi.JIIent 

recent 

aged 

SeclilleDt 

recent 

aged 

BedimeDt 

recent 

qed 

TABLE 2 

CJIEMICAL AND BIOCHI!MICAL ANALYSES OF SEDIMElfi'S A'f S'fAR'l' OF PILOf PIA1ft' RUB 

pH ~ Moisture 

6.6 4o.5 

6.8 37·5 

Total Fe 
mg[g Fi:xe4 Solids 

2.20 

3.o4 

t, da,ys: 

Residue 2 gms[50 ml 
Specific Gravity Total Volatile Fixed 

1.61 47.70 1.14 46.56 

1.63 50.75 1.4o 49.35 

&3-B O:RG-N TotalMn 
mg/g 'fotal Solids mg/g ~otal Solids mg[g Fixed Solids 

.. o.~ 3-30 O.Ol 

0 0.86 0.01 

Biochemical ~gen Demand* 2 mg 0?/g Volatile Solids 
t • 2 t • 5 t = 10 t = 15 

13.1 

20.4 

234 

74.8 

248 

86.7 

liO'fll: *'fb:l.s test was carried out by the dilution method given in Stan~d Methods (Eleventh Edition), 
Part IV. ~e DO clete:rminations were made using the Willkl.er Method--azide modU'ication. 

I 
V1 
I 
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Chemical ADaJ.yses 

Chemical analyses routinely employed in this stu~ were: dissolved 

oxygen {azide modification of Winkler method), nitrite, nitrate (phenol­

disulfonic acid method), &DIIIlOnia (distillation p:roeed\ll'e), organic nitro­

gen, and ferrous and total iron (o-phenauthroline method). 

Dissolved oxygen detel'miDations were performed daily on the effluent 

from the storage tanks and the effluent of eaeh of the f1 ve sediment 

carboys. Analyses tor Ditrite, nitrate, -.ollia, organic nitrogen, and 

ferrous and total iron were performed on 3- to 7-cia_r composited samples 

after acidification and storage at lOOC. 

All methods ud procedures used conformed to those listed in Standard 

Metlaods, Eleventh EditiOA (6) • 

COIIp\ltations 

~ determ:I.Ae the setiJieRt volume u.4 · to compute tbe surface area ot 

the sedimeDts, it vas necessar,r to mow the inside radius of the glass 

carboys. fbi a was CletermiuQ. by MaSU.ri.D8 the volae of water necessary 

to bring the f'lui.4 level to a speci:f'ic height. Sol. viBg ~or r in the 

fol'tllll.a of a cyliaaer (V • lfr2h) gave a value of r = 13.8 em and a 

surface area equal. to 0.0596 square meters. A correction factor in the 

aed.iment volu. determination was IBde for a sllpt irregul&ri ty in the 

bottom of the carboy. The daizy areal oxygen demand (DAOD) was c~ted 

'by using the folloving formula: 
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DA.OD • V8 (DOi - DOe) ~lr-r 
1060 I 

. . . • • . . . 1 

where: 

DlOD • dailJ' areal ox;rgen demand, ps OV•2/dlq' 

Ve • claily carboy effluent volume, liters/dq 

llOi_ • clisaolvecl oJcy"gen of carboy iDfluent, mg/liter 

:DOe • a.isaolved ~go of carboy ef'f'luot, mg/liter 

A a surface area of deposit, O. 0596 square meters 

Camp' a benthic equation ( 4) includes the term Ldo which is· defined 

aa the initial areal l30D of the bottom deposits at the start o~ d.ecOJQO­

sition. This· def'illition implies that L4 is similar to the ultiDate 
0 

carboD&Ceous O::Q"geD clelland tel"'l L in the :familiar BOD equation y • 

L (1-l.o-k.t). 

Using BOD data tram !able 2, the rate constant was obtained by 

Thomas •a (7) graphical •thod.. After solviag for L in the BOll ~quation, 
aDd lmowiDg the amount of tile iD1 tial volatile sol14s aad the vol'WIIe Blld 

surface area of the deposit, the illitial ultiu.te areal ~go demand L4o 

is obta1ne4. 

Ld • (IVS) (V8 ) (L) ~1~ •••••••• 
-o lOOO A 

• • 2 

where: 
L~ = 1n1t1al ultilate areal o:x;ygen claand, f!JIJ/m2 

IVS = 1111 tial volatile solids of the •ed1Jaent, ga/mJ. 

V s • volume of sluqe added to the carboy, D1l. 

L • ultimate oxygen daand, wg/gsa IVS 

A = surface area o:f deposit • o. 0596 m2 



Evaluation of the tera Lei, the total areal JOD . of the iottom cleposi ts 

in Camp's equation 

Ld = L'\, • lo-k.4t • • • • • • • • • • • • 3 

reqllires not only the value of the L<lo but also the value of the areal 

dsmand rate cOJastant, k.t,.. 

Yal.uaa of k.t,. tor the various se41ment depths were determi.Ded as the 

slope b of tlle line, log y = log a + 'bx where "1 values were Ld values 

obtained by pilot pl&Dt and x values were a.ys after start-up of the 

operation. 

Experimental values of L4 were obta:I.Jle4 as the difference between 

tlle iDitial ultillate areal BOD, L'o' aad the C\111Ulati'Y8 areal oxygen 

dm&Dd (Le). !his -.r be expressed u: 

• • • ··• • • • • • • 4 

l'i.Dal~, values of L4 calculated froa Camp's equation UL4 experi­

lle!ltal values of Ld obtained by:· pilot plaat were plotted. 



EXPDIMD'.rAL RESULTS 

The daily areal oxygen demands of the "recent" and "aged" deposits 

at L 5 em versus time are shown in Figure 2, while similar data for the 

"aged" sediaents are presented in Figure 3· Flocculated material (probably 

alum) in the storage drums was noted after 50 ~s. !he pilot plant 

operation was interrupted and the drums were cleaned. 

A graph relating the values of the initial ultimate areal oxygen 

demand with sediment depth is presented in Figure 4. Thus, if all the 

sed1ments of the same type would be completely oxidized, the oxygen 

demand would be directly proportional to depth. Cumulative areal oxygen 

demands for the five tests are indicated on Figure 5. 

Comparisons of the calculated areal oxygen demand at different times, 

using the value of k4 obtained from the slope of the line of best fit on 

a semi-log graph, with the observed results are presented in Figures 6 

through 10. These graphs show aay deviations from the normal pattem. 
. . 

The Variation of k4 values with sediment depth is given in Figure 11. 

Part of the oxygen demand attributed to the sediments was thought to 

result from the oxidation of nitrogenous compounds. Graphs of the calcu-

l&ted oxygen demand derived from the oxidation of amaonia to nitrate are 

presented in l"igures 12 and 13, along w1 th the observed daily oxygen 

demaDd of the sediments. The nitrate-nitrogen oxygen equivalents were 

based on the difference in nitrate-nitrogen values obtained on the 

·influent control water and the effluent. The chemical analyses were 

carried out on composited samples. The observed oxygen demands are 

based on averages of' the daily demand for the same time period. 
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DISCUSSION 

The graphs of the daily areal oxygen demand in Figure 2 indicate 

t~t, except for the initial phase in the recent deposit, both of the 

1. 5 em sediments followed a roughly parallel course, increasing in oxygen 

demand up to 75 da¥s and then tapering off. The recent deposit consist­

ently showed a daily demand of about 0.25 w.n/m2/da;y higher than the aged 

sediment. The daily areal oxygen demands of the deeper sediments in 

Figure 3 show some fluctuations but tend to remain in the fairly narrow 

range of 0.7-1.0 gm/m2/day. There was practically no difference in areal 

oxygen demand in the 15 and 20 em depths. 

One factor influencing the observed fluctuations in daily oxygen 

consumption could have been the oxidation of nitrogenous materials. When 

the oxygen demand believed to have resulted from nitrification was plot­

ted along with the observed oxygen demand (Figures 12 and 13), there was 

a definite correlation in the location and magn1 tude of the peaks. In the 

two shallow deposits, the nitrate-nitrogen oxygen equivalent approached 

nearly 37 to 44 percent of the total areal oxygen demand at the maximum. 

Both of these maximums occurred 70 to 80 ~s after start-up of the tests. 

Although nitrification appeared to play an important role in· the 

areal oxygen demand of the shallow sediments, 1 t did not appear to be 

significant in the deeper sediments. For example, the nitrate-nitrogen 

oxygen equivalent reached a maximum value of 5 percent of the total areal 

oxygen demand in the 10 em depth. 
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Periodic release ot gases ot anaerobic decomposition fraa the dee~r 

sediments indicated a reducing enviromaent. This was confirmed by analysis 

of gases from the 10 em sediment depth. These gases ~ have moderated 

nitrification to the extent shown in the minor fluctuatio~ of the areal 

ox;ygen demand rate in Figure 3· 

~he plot of the c\DIDllati ve areal C>x;ygen deiBDd of the qed deposits 

{Pigure 5) shows that there is a fair~ marked increase in dellalld with . . 
secl111ent depth. 

Couideration of Figures 6 through 10 indicates tbat in the deeper . . . ~ 

sedi.Bents {10 to 20 em) the benthic ox;ygen clemaDd L4 as calculated from 
• • 1 ' . . 

the benthic equation close~ approximates the experiaen~l values of La. 

throughout the test period. 

In the 1. 5 em "recent" sediment, the benthic equation closely' 

approxillates the . benthal clemud o'bta1ne4 ~ betW:en 15 emd 55 dqs. 

For the f'irst 15 cllqs, the hip. values of L4 'fiJIJ:3' bave been due to the 
. . . 

ox1dat10D. of readi~ biodegradable · sewage eolicls prior to the develoJMDt 

of benthic condi tiou. After 55 dqs, D1 trificatioa ~~~q bave been the 

cause of the increu1118 rate of clnea4 {Pigure 12). 

Ill the 1.5 ca "aged." clepoait, the benthic equat1oll close]¥ approxi-

aates tbe benthic demand obtained in the pilot plant only for the first 

4o ~· after w~ch nitrification ~ have been the cause of the increas-

1118 rate of clemand {Figure 13 ). 



-12-

'fhe effect of aecl111eD.t depth is ah<ml clearl)r ia Figure ll where 

the 'benthic rate cODatant k-4. decreases -.rkedl.T vi th an illcreue of 

depth up to about 10 CJI. Above a cleptb of 15 CJI, howeftr, · practical~ 

no clec:reaae in k4 was o'bserved. . ID the recent deposit, the presence of 

sre bioclegradable solidi probably' resulted in the :tligher value of k4. 

A decrease of kq. v1 th an increase in setilleat depth was also observed b7 

Pair et al ( 8) • The change observed ill the p:reseat stuq was JllUCh 110:re 

proDOlUlced. 

A coaparison of ligures 4 and. 5 ind.icates that after 100 dqa oa:cy a 

amall fractiOD · of the iDi tial ultiate Olcy'geD demuld. bad. been exerted in 

the deeper sediments. This obse:nation is a1111lar to tbat of Fair who 

fOIDld that tb.e ultimate o~gen dwand vaa aot approacaed atil atter a 

year. 

!he kJt. values obtaiae~ in this stud;y are belieYed. to be applicable 

to other deposita if such dapoa~ta are of aill11ar or:LsiD (pr:l.ar:L:Qr 

maeatic snap) and. if the 10D u deterai.Jaed. lJy' the WiDkler aethod. is 

111 a a1llilar ra~~ge. 



The areal oxygen demand of bottom sediments taken from the Merrimack 

River in Massachusetts was determined by a small pilot plant similar in 

design to that of Fair· et a1 ( 8) . Parameters in the benthic rate equa­

tion of Camp ( 4) were evaluated on the basis of the data obtained, arid 

the effect of sediment depth on the benthic rate constant k4 was studied. · 

Chemical an.a.l;yses of the influent and effluent water were carried out. 

The effect of nitrification on the oxygen demand is discussed. 

CONCLUSIONS 

1. The.·. value of the benthic rate constant k4 varies w1 th" the age· and 

depth of the deposit. 

2. A marked decrease· of k4 ·w1 th increase in sediment depth occurred 

between 1. 5 and 10 em. Above 15 em no significant decrease· in k
4 

· 

was observed. 

3. Only the upper 15 em of sediment had any significant .effect on 'the 

areal oxygen demand. 

4. The observed data were closely approximated by the equation Ld = 

Ldo 1o-k4t at all sediment depths except the 1. 5 em depth. 

5. Nitrification was believed to play a role in the oxygen demand of 

the sediments and was especially significant in the ·shallow depths 

studied. 
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